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(57) Abstract: A nickel-base superalloy that exhibite oustanding mechanical properties under high temperabue and high strain con- 
ditions when cast in an equiaxed and/or directionally solidified, columnar grain structure, and which exhibits increased grain bound- 
ary strenght and ductility while maintaining miciostmcural stability includes, in percentages by weight, 5-6 chromium, 9-9.5 cobalt, 
0.3-0.7 molybdenum, 8-9 tungsten, 5.9-6.3 tantalum, 0.05-0.25 titanium, 5.6-6.0 aluminium, 2.8-3.1 rhenium, 1.1-1.8 hafnium, 
0.10-0.12 carbon, 0.010-0.024 boron, 0.01 1-0.020 zirconium, with the balance being nickel and incidental impurities. The superal- 
loys of this invention arc useful for casting gas turbine engine components exhibiting significantly improved low cycle fatigue life, 
improved aiifoil high temperature stree rapture life, significantly reduced life cycle cost, and longer useful life. 
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NICKEL-BASE SUPERALLOY FOR fflGH TEMPERATURE, 
fflGH STRAIN APPUCATION 

FIELD OF THE INVENTION 
This invention relates to superalloys exhibiting siq>erior mechanical properties, 
5 and more particularly to superalloys useful for high temperature, high strain 
applications, such as components of aircraft gas turbine engines. 

BACKGROUND OF THE INVENTION 
Nickel-base superalloys are well known for fheir superior mechanical strength at 
high temperatures. As a result, such alloys have been beneficially enq)loyed in aircraft 
10 gas turbine engines to permit higher temperature operation and improved efficiency. 

However, there is a recognized need in both the aerospace and power generation 
gas tiubine industry for lower cost advanced technology materials. More specially, 
Otere is a need for the development of advanced superalloy materials and manufacturing 
processes that make it possible to produce affordable, integrally bladed turbine wheels 
IS exhibiting significantly increased low cycle fetigue (LCF) life and improved airfoil stress 
nroture life. 

Traditionally, the discs or hubs of gas turbines have been formed in a forging 
process, and the blades in a casting process. The blades are then attached to the disc or 
hub mechanically. The reason for using separate forming processes is that the discs or 

20 hubs preferably have an equiaxed grain structure, giving them maximum tensile strength 

and low cycle fatigue properties. Preferably, the blades should have a directionally 
solidified (DS) columnar grain structure, or even a single crystal structure, ui order to 
avoid high temperature creep failure created by lateral grain structure, i.e., grain 
structure expending transverse with respect to the longitudinal axis (major stress 

25 direction) of the blade. 

Techniques have been developed to integrally cast the blade and hub in such a 
way as to obtain directionally solidified, columnar grain blades and equiaxed grain hubs 
for small integral turbine wheels. Unfortunately, the alloys currently available are better 
suited to form either an equiaxed grain structure or a directionally solidified, colunmar 

30 grain structure. High creep strengfli alloys have not been available which perform well 
in both grain structures. 

As a result, the hitegrally cast blade and hub gas turbine wheels which have 
heretofore been utilized commercially have utilized an equiaxed grain structure. 
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SUMMARY OF THE INVENTION 
The present inventiQn provides nickel-base superalloys that perfonn well in hoik 
an eqoiaxed and ditectionally solidified, colunmar grain structure. These alloys exhibit 
increased grain boundary strength and ducti% while Tnaintaifiing microstructural 

5 stability. The improved grain boundary strength and ductility aUow boft diro 

solidified columnar grain casting and equiaxed castipg of an integrally bladed cast 
turbine wheel that will provide superior capabilities at a substantially lower cost when 
con^ared to conventional turbine wheels having blades that are separately cast and 
mechanically attached to a forged turbine disc. 

) The nickel-base alloys associated with this invention are particularly 

characterized by a relatively low titanium content and a relatively higji tantalum content. 
The relatively low titanium content (about 0.25% by weight or less) reduces 
decomposition of titanium carbides during the necessary post-cast hot isostatic pressing 
(HIP). The relatively high tautahim content of 5.9-6.3 by weight produces grain 

) boundaries comprising of discrete tantahim carbides that remain stable iq>on hot isostatic 

pressure treatment, and therefore preserves high grain boundary strength and ductility 
alter the hot isostatic pressure treatment. Allhoug|i a low titanium content is desked, it 
has been found that some titanium is needed (at least about 0.05 % by weight) to provide 
excellent fatigue crack growth resistance. Similarly, the tantalum content should not be 

) eith^ too high to too low. The nickel-base alloys of Has invention are also characterized 

by a relatively high refractory el^nent content (tungsten, tantalum, rhenium and 
molybdenum). 

These and other features, advantages and objects of the present uxvention will be 
further understood and appreciated by those skilled in the art by reference to the 
5 following specification, claims and appended drawings. 

BRIEF DESCRIPTION OP THE DRAWINGS 
Fig. 1 compares the stress rupture and low cycle fetigue (LCF) test results for 
turbine wheels cast usii^ alloys of this invention with ttie test results of turbine wheels 
cast from conventional alloy Mar-M 247. 
) Fig. 2 shows hub stress mpture results for equiaxed alloy variants, verses 

conventional alloy Mar-M 247. 

Fig. 3 shows airfoil miniflat stress rupture results for equiaxed alloy variants 
verses conventional alloy Mar-M 247. 
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Fig. 4 is a graph comparing hub low cycle fatdgue for alloy castings of the 
invention with castings from Ae conventional alloy Mar-M 247. 

Fig. 5 is a graph comparing fatigue crack growth (FCG) for alloy castii^s of the 
invention with castings from the convention alloy Mar-M 247. 
> DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The unique ability of the alloys of this invention to be enq>loyed in castmg 
processes mvolving both equiaxed casting techniques and directional solidilScation 
casting techniques to produce a casting having both an equiaxed, fine gram structure on 
one section of the casting and a cohmmar gram structure on another section of the 
) casting, and be subjected to post-cast hot isostatic pressing, while exhibiting improved 

mechanical properties (as conq)ared with conventional nickel-base siq>eralloys used for 
casting turbine wheels, such as Mar-M 247 alloy) is attributable to the relatively narrow 
conqwsitional ranges defined herein. Turbine wheels made using the alloys of this 
invention, and the combination of equiaxed casting at the hub portion of the wheel and 
5 directional solidification casting of integrally cast blades, followed by hot isostatic 

pressing of the casting, provides in^roved eqgine performance and component life 
benefits. 

The amounts of (he various elements contained in the alloys of this invention are 
expressed in percentages by weight unless otherwise noted. 

} The nickel-base superalloys of the preferred embodiments of this invention 

mdude, m percentages by weight, 5-6 chromium, 9-9.5 cobalt. 0.3-0.7 molybdenum, 8- 
9 tungsten, S.9-6.3 tantahim, 0.05-0.25 titanium, 5.6-6.0 aluminum, 2.8-3.1 rhenium, 
1.M.8 hafiuum, 0.10-0.12 carbon, 0.010-0.024 boron, 0.011-0.020 zhconium, the 
balance being nickel and incidental impurities. As a result of the increased grain 

5 boundary strength and ductility, the nidcel-base superalloy compositions of diis invention 
can be cast to form gas turbine engine components that are capable of exhibitmg a 
doubling or tripling of useful life, and significantly reducing life cycle cost. The alloys 
of this invention also exhibit significantly improved low cycle fatigue life, and improved 
airfoil high temperature stress n^mire life. 

D In accordance with a more preferred aspect of ttie invention there is provided a 

niclffil-base superalloy (CM designation CM 681) conq)rising in percentages by weight, 
5,5 chromium (Cr), 9.3 cobalt (Co), 0.50 molybdenum (Mo), 8.4 tungsten (W), 6.1 
tantalum (Ta), 0.15 titanium (Ti), 5.7 ataminum (AI), 2.9% rhenium (Re), 1.5% 
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hafiiium (Hf), 0.11 carbon (C), 0.018 boron (B), 0.013 zirconium (Zr), the balance 
being nickel and incidental inq)urities. 

Rhenium (Re) is present in the alloy to slow diffusion at high temperatures , 
restrict growdi of the y' precipitate strengthening phase, and thus Loo^ove intermediate 
and high temperature stress-rupture properties (as compared wiOi a conventional nickel- 
base alloys such as Mar-M 247). It has been found that about 3% rhenium provides 
in^roved stress-nature properties without promoting the occurrrace of deleterious 
topologically-close-packed (TCP) phases (Re, W, Cr), providing the other elemental 
chemistry is carefully balanced. The chromium content is preferably from about 5.0% 
to about 5.8%, with a suitable range being from about 5% to about 6%. Rhenium is 
known to partition n^inly to the y matrix phase which consists of narrow channels 
surrounding the cubic y' phase particles. Clusters of rhenium atoms in the y channels 
inhibit dislocation movement and therefore restrict creep. Walls of rhenium atoms at the 
y/y* interfaces restrict y* growth at elevated temperamres. 

An aluminum content at about 5.7% by weight, tantalum at about 6.1% by 
weight and tit^inn™ at about 0.15% by weight result in about a 70% volume fraction at 
the cubic y* phase ^i, Al, Ta, Ti) widi low and negative y-^' mismatch at elevated 
tenq>eratures. Tantalum increases the strength of both the y and y' phases through solid 
solution strengthening. The relatively high tantalum and very low titanium content, as 
compared to a conventional nickel-base superalloy (such as Mar-M 247 alloy) ensure 
predominate formation of relatively stable tantalum carbides (TaC) to strengthen grain 
boundaries and therefore ensure that the alloy is amenable to high temperature (about 
2,165 ""F or about 1,185 post-cast hot isostatic pressing. 

Titanium carbides (TiC) tend to dissociate or decon^ose during hot isostatic 
pressing, causing thick y' envelopes to form around the remaining titanium carbide and 
precipitation of excessive hafiiium carbide (HfC), which lowers gram boundary and y-y' 
eutectic phase region ductility by tying up the desirable haftiium atoms. The best overall 
results were obtained with an aUoy containing about 0.15% titaniun^ Tbismaybedue 
to the favorable effect of titanium on y-y ' mismatch. A suitable titanium content is 0.05- 
0.25%, and preferably 0.10-0.20%. 

Further solid solution strengthening is provided by molybdenum (Mo) at about 
0.50% and tungsten (W) at about 8.4% . A tungsten content of from about 8-9% by 
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weight is suitable, with a preferred range being 8. 1-8.7 % . A suitable range for the 
molybdenum content is 0.3-0.7%» wiOi a preferred range being 0.4-0.6%. 
^proximately 50% of the tungsten precq)itates in tiie y phase, increasing both the 
vohmie fraction (Vy ) and stiengdi. 

I Cobalt in an amount of about 9.3 % provides maximized of y ' , and chromium 

in an amount of about 5.5% provides acceptable hot corrosion (sulfidation) resistance, 
while allowing a high level of refractory metal elements (W, Re, Ta, and Mo, die total 
amount of refractory metal elements being about 17.9%) in the nickel matrix, without 
the occurrence of tppologically-close-packed phases during stressed, high temperature 

) turbine engine service e^iposure. 

Hafiiium (Hf) is present in the alloy at about 1.5% to provide good gram 
boundary, and mtermediate temperature ductility. Suitable and preferred ranges for the 
hafiiium content are 1. 1-1.8 and 1.2-1.7, respectively. 

Carbon (C) , boron (fi) and zirconium (Zr) are present in the alloy in amounts of 

I about 0. 1 1 % , 0.018% and 0.013 % , respectively, to impart the necessary graux boundary 

micTOchemistry and carbides/borides needed for strength and ductility m equiaxed form, 
while providing adequate directionally solidified columnar grain castability, i.e., reduce 
the propensity of the alloy to exhibit directionally solidified columnar grain boundary 
cracking. The relatively high alxmiinmn and low titanium content, and the modest 

) chromium content in the alloy insures that the alloy is highly oxidation resistant. 

The superalloys of this invention may contain trace or trivial amnnnts of other 
constituents which do not materially affect dieir basic and novel characteristics. Such 
other 

trace constituents may include, for example, copper and iron and like elements 
; commonly encountered in trace amounts in the constituents used. However, it is 

desirable that fbe amount of silicon, manganese, phosphorous, sulfur, iron, copper, 

vanadium, cohnhbium, nitrogen, oxygen and other iiiq>urities be as low as possible. 

The siq)eraIloys of the present invention are especially well suited for production 

of coiq)onents using columnar grain and single crystal, directional solidification casting, 
) and equiaxed castiog techiuques. The aUoys are also amenable to HIP processing. 

Directional solidification techniques are well known in the art (see for example U.S. 

Patent No. 3,260,505). 
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The intentional control and limitation of the various elements of the conoqposition 
provide an alloy that can be directionally solidified, in selected areas of a casting, and 
eguiaxed cast in other selected areas to form an integral cast conqionent having a blade 
airfoil section with a directional columnar grain structure, and another disc or hub 

i section with an equiaxed grain structure. More specifically, the alloy may b'^ used for 

casting hot isostatic pressure (HIP) treated integrally bladed turbine wheels having a hub 
section with an equiaxed (polycrystalline) grain structure, and integrally cast blades 
having a directionally solidified, columnar grain structure. The resulting hot isostatic 
pressure treated casting formed firom the alloy of this invention exhibits outstanding 

) oxidation resistance and resistance to grain boundary and &tigue cracking under high 

temperature conditions, and upon repeated thermal cycling. The integrally cast blades 
are directionally solidified and have a columnar grain structure to eliminate transverse 
grain boimdaries in the blades, thus improving strength, ductility, high temperature 
creep and other mechanical properties such as thermal fatigue. The columnar grain 

5 structure prevents elongation and/or cracking at high tanperature and high strain 

conditions, through the elimination of transverse (to its principal stress) grain boundaries 
and establishment of (OOi) crystallographic orientation, parallel to the principal stress . 
axis along the length of the blade. 

COMPARATIVE STUDIES 

) An important feature of the superalloys of this inventions is that tiie particular 

combination of elements provides high gram boundary strength after hot isostatic 
pressing, whereas massy of the conventional nickel-base superalloys do not exhibit the 
desired carbide phasal stability needed to prevent formation of uiKiesirable phases during 
heat treatment that would result in inferior mechanical properties. 

> Previous attempts to mate castings of integrally turbine wheels having a hub 

section witii an equiaxed grain structure and blades having a directionally solidified, 
cohnnnar grain structure using certain conventional nickel-base superalloys have been 
unsuccessfid because of iimdequate creq> rupture properties. A number of studies were 
conducted comparing an alloy made m accordance witii tins invention (CM 681) to a 

) number or prior art alloys and to an experimental alloy (CM 681 A) having a 

conq)osition outside of the scope of this invention. These alloys and their compositions 
(in wt %) are indicated in Table I. 

Table L - Compositions in wt %. 
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AUoy 

^/—L 


Cr 


Co 


Mo 


W 


Re 


Nb 


Ta 


Al 


Ti 


Hf 


c 


B 


Zr 


Ni 




^Mar-M247 


8.4 


10 


0.65 


10 






3,1 


5.5 


1 


1.4 


0.16 


0.015 


0.05 


SOI 




CM186LC* 


6 


9 


0.5 


8 


3 




3 


5.7 


0.7 


1.4 


0.07 


0.015 


0.005 


Bal 




CM 186 Mod 


5.9 


9,4 


0.4 


8.5 


3 




3.3 


5.7 


0.75 


1.5 


0.09 


0.019 


0.01 


Bal 


>/ 




5.4 


9.3 


0.5 


8.5 


3 




6.2 


5.7 


0.15 


1.6 


0.11 


0.018 


0.015 


Bal 


V 


''CM 681 A** 


5 


9.3 


0.5 


9 


3 




6.9 


5.7 




1.6 


0.11 


0.018 


0.025 


Bal 


c 


'^CMSX-IO* 


2 


3 


0.4 


5 


6 


0:05 


8 


5.7 


0.2 


0.03 








Ba] 




CM 4670 


4 ' 


3.4 


0.5 


5 


5.3 


0.05 


8 


5.7 


0.13 


1.2 


0.09 


0.017 


0;015 


Bal 




CM4670C 


2.7 


3.2 


0.4 


S 


6 


0.05 


8 


5.7 


0.08 


1.2 


0.05 


0.02 


0,025 


Bal 



* CM 681 is in accordance with the invention. 

**CM 681 A is an e^qperimental alloy not in accordance with the invention. 

For example, a commercially available DS nickel-base superalloy (CM 186 LQ® 
) exhibited inadequate creq> rupture properties when equiax cas^ Other nickel-base 

siiperalloys exhibited severe airfoil craddng whm equiax cast. For exan9)le, derivatives 
of the commercially available nickel-base superalloy CMSX-10® designated CM 4670 
and CM 4670C exhibited severe airfoil cracking evident upon fluorescent penetrant 
inspection. 

) Still other conventional nickel4)ase superalloys have exhibited inadequate phasal 

stability, and inadequate caifoide and/or boride grain boundary microstructural stability, 
and were unable to withstand high temperature post-casting thermal processing QSS) 
required for fine grain hub integrally cast turbine ^vtiieels, e.g., hot isostatic pressing, 
typically at a temperature of about UWC and a pressure of about 200 MPa for several 

> hours. For exan^le, the derivatives of the commercially available superalloy designated 

CMSX-10® exhibited inadequate phasal stability to wittistand high ten^rature 
postcasting thermal processing that is required for production of integrally cast turbine 
wheels with fine grain hubs. Other known nickel-base superalloys were significantly 
weaker than the advanced alloys of this invention. For exan5)le, the derivative of the 

) commercially available nickel-base superalloy designated CM 186 MOD was noticeably 

weaker than other advanced alloys. 

A series of turbine wheels having integrally cast blades were prepared using a 
casting technique in which the blades were directionally solidified to provide a cohunnar 
grain structure, and the hubs were solidified to provide a fine equiaxed grain structure. 

5 Wheels were cast firom an alloy (CM 681) in accordance widi ^ mvention, a similar 

alloy having no titanium (CM 681 A), and a conventional siq^eralloy (Mar-M 247). 
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A first series of turbine wheels were hot isostatic pressed (HBP) at 200 MPa for 
four (4) hours at temperatures ranging from 1185 to 1218°C. , for hot isostatic pressing 
assessment studies. The initial metallographic examination of the hot isostatic pressed 
wheels for pore closure used specimens taken from the central hub region. The central 
hub is Hie thickest part of the casting and the last area to solidify; therefore, it was 
believed to be the area most prone to microshrinkage and tiie last area that hot isostatic 
pressing would close. Specnnens removed from the central hub atea of fliese wheels 
showed no evidence or residual naicroporosity. Subsequently, it was also decided to 
examine specimens from the web and rim areas for residual porosis, because small 
microshrinkage was occasionally observed on the fracture surfaces of the failed stress 
rupture bars. Surprisingly, several small pores with incon5)Iete closure were located in 
the center of the rim area. Presumably, the greater susceptibility to naicroporosity in ttie 
rim area is related to the forced fluid flow during solidification associated wifli fine grain 
casting process. The maximum pore size observed was 3 millimeters (mm) and was 
generally less than 1 mm. 

It was detennined this small amount of residual porosity would be 
inconsequential to engine performance. It was concluded from the hot isostatic pressir^ 
assMsmait studies that tninimiring the hot isostatic pressing tenqierature was beneficial 
to mechanical prt^erties with the advanced alloys. Accordingly, one wheel each of 
alloy CM 681 and CM 681 A were hot isostatic pressed at latWC/aOO MPa/4 hr and a 
second CM 681 alloy vfbeel was not isostatic inressed at 1185°C^ MPa/4 hr. One 
group of specimens from each wheel received the standard age of 1093 •»C/2 hr/gas fan 
cooling +871°C/20 hr/gas fen cooling. A second ffxiap received a modified age of 
1038''C/2 hr/gas fen cooling+871 °C/20 hr/gas fen cooling. A third group received a 
1204''C/2 hr/gas fen cooling partial resolution followed by the modified double age. 

The stress rupture lives at 138 MPa/1038''C weie 200 to 300% of baselme 
eguiaxed Mar-M 247 Uves for both advanced alloys and all three fliermal processmg 
conditions. The results from stress rupture tests conducted at 552 MPa/843°C are 
presented m Fig. 1 . The lower temperature processing appeared to provide a significant 
improvement in the ruptore life. The CM 681 alloy exhibited a somewhat higher 
ruptore life than die CM 681 A alloy. The low cycle fetigue testing results are also 
shown in Fig. 1 . Most of the advanced alloy and thermal processing combinations 
provided ni5>roved low ctycle fetigue lives con^ared to tiie baseline eguiaxed Mar-M 
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247 materM examined. It also appears the resolutioning after HIP ofifere a 
fatigue life. 

Overall, the 1185**C hot isostatic pressii^g followed by the modified age qjpeared 

to offer the best balance of properties, and this thermal processing was selected for the 

> balance ofthe CM 681 and CM 681 A wheels. 

The balance of the testing inchided room tenq>erature and 538''C tensile tests, 

stress mptme tests, low cycle fatigue test at SSS'^C, and crack growth testing at 538*^C. 

The tests were all performed usnjg material removed from the disk portion of the wheel . 

In addition, aufoil miniflat stress nqyture tests were conducted. 

) The 0.2% yield strength and ultimate tensile strength of the CM 681 alloy was 

somewhat lower than the values achieved for this alloy in the first iteration and closer to 
I 

the strength levels of Mar-M 247. This represents the desired result, since a higher 
strength could is disrupt the required burst sequence between the first-stage and second- 
stage turbine wheels and thereby force a turbine engine redesign. No significant 

5 difference was observed in strengA or ductility between CM 681 aiMl CM 681 A. 

Stress rupture results for the hub portion of the wheels are shown in Fig. 2. Both 
advanced alloy performed significantly better than the baseline Mar-M 247 alloy at ail 
stress levels. Compared to the results of the CM 186 derivative alloys in the first 
iteration, it is evident the second-iteration thermal processing provides better 

) performance in the high stress portion of die curve while mflintainmg an advantage over 
Mar-M 247 in ttie low stress region. CM 681 performed slightly better than CM 681 A 
at lower stresses and CM 681 A was superior at high stresses. 

The airfoil miniflat stress nature test results are provided in Fig. 3. The 
advanced alloys are clearly superior to the baseline Mar-M 247 alloy dirougfaout the 

5 stress range uivestigated. This is in stark contrast to the first-iteration results in which 

the advanced alloys were dramatically inferior to the baseline material at high stresses. 
The CM 681 A alloy exhibited a small advantage over the CM 681 alloy at higher 
stresses and a more distinct advantage in the low stress region. 

Hie low cycle fetigue test results are shown in Fig. 4. The CM 681 and CM 681 

) A alloys performed shnilarly. Botihi alloys were superior to Mar-M 247 in the low life, 
high strain range portion of the curve and inferior to the baseline in the high life, low 
strain range region. Since the critical portion of the wheel operates at high strain 
ranges, these curve shapes are favorable for the advanced alloys. This is the ssan& trend 
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observed in the first-iteration results for the CM 681 and CM 681 A alloys, indicating 
the alternative thermal processing had only a minor effect on low cycle fatigue 
properties. 

The fatigue crack growth test results are provided in Fig. 5. The CM 681 A 
alloy was similar to the baseline Mar-M 247 material. The CM 681 aUoy appears to 
offer a significant advantage in crack growth resistance coiiq>ared to the baseline. Crack 
growtii tests trad to be variable and the extent of testing conducted on this program was 
limited. Nevertheless, tbt CM 681 results were encouraging and would provide a major 
benefit to integral turbine wheel life if this ad vantage is realized in er^gme testing. 

Test bars were cast ftom an alloy having a composition in accordance widi die 

invention to evaluate mechanical properties. A chemical analysis of the alloy used for 

the test bars revealed the following composition: 
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The test bars were conv^onally cast to form a polycrystalline, equiaxed grain 
structure, and double age heat treated [2 hours/Z.OWF/gas fan cooling + 20 
) hours/l»6WF/gasfancoolmg]. A comparison of room temperature ^T) tensile 

strength at 0.2% elongation [proof strength (PS), sometimes inaccurately referred to as 
yield strength], room tenq)erature ultimate tensile strength, elongation, and reduction in 
area (RA, a measure of ductility), for a test bar made from the above-referenced CM 
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681 alloy and typical data for a test bar' made from a convendonal nickel-base superalloy 
(Mar-M 247) are shown in Table I. 



TABLE I 



intimate 

0.2% Tensile Elongation 

PS Strength % 4D RA% 



CM 681 128.9 162.8 6.9 9.4 

Mar-M 247 120 140 7 7 

[As-Cast + 20 hrs/1600*F AQ (87rC) 

A comparison of stress-rupture properties for CM 681 and Mar-M 247 alloy 
under t9^o different sets of stress loads/temperature conditions are shown in Tables n 
and in respectfully. 
TABLE n 

Stress»-Rupture 

80ksi/155Q°F [552 MPa/843°a 



Rupture Life hrs> Elonga tion % 4D RA% 



CM 681 (Specimen 1) 102.6 3.2 4.1 

CM 681 (Specimen 2) 151.5 6.2 5.4 

MAJI-M247 50 NA NA 

[As-Cast + 20 his/lGOOn' AO (871«C) 

TABLEm 

20 ksi/1900°F n38 MPa/1038^C1 



Rupture Life hrs. Elongation % 4D RA% 



CM 681 (Specimen 1) 119.5 3 4.1 

CM 681 (Specimen 2) 115.2 4 3.6 

MAR-M 247 60 NA NA 

[AfrCast + 20 hre/1600'F AQ (871 •C) 

The data show that an equiaxed casting prepared from an alloy in accordance 
with the invention exhibits superior tensile strength and rupture life, as conqpared with a 
conventional nickel-base siq)eralloy (Mar-M 247), while exhibiting coni^arable 
elongation and ductility properties. This demonstrates that the alloy is also useful for 
forming castings having a polycrystalline equiaxed grain structure. 

A turbine wheel hub was cast having a fine grain equiaxed structure using the 

CM 681 alloy described above. The cast hub was hot isostatic pressed at 29 ksi/2,165*'F 

for 4 hours (200 MPa/l,185''C), and subsequently heat treated [2 hours/1, 900"*? 

(l,038^C)/gas fan cooled + 20 hours/l,600°F (87rQ/gas fan cooled]. The hubs were 

then subjected to stress-rupture testing. A comparison of stress-rupture properties for 
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the CM 681 hub as compared with the Mar-M 247 hub at two different 
pressure/temperature conditions is shown in Table IV and Table V, respectively. The 
results demonstrate superior stress-rupture properties for a hub cast from an alloy of the 
invention with a crystalline, equiaxed, fine gram structm:e, as compared with a hub cast 
from a conventional nicd:el-base siq)eralloy, while exhibiting con^>arable elongation and 
ductility properties. 
TABLE IV 

Stress-Rupture 

^ W55Q°F rS52 MPa/843-q 

Rupture Life hrs. Elongation % 4D RA% 

CM 681 (Specimen 1) 95.8 3.2 3.4 

CM 681 (Specimen 2) 69.8 3.7 2.8 

TABLE V 

20 ksi/1900°F ri38 MPa/1038^a 

Rupture life hrs. Elongation % 4D RA% 

CM 681 (Specimen 1) 138.7 4.8 2.1 

CM 681 (Specimen 2) 169.6 7.1 4.3 

Based on the above data, it is readily apparent that the nickel-base superalloys of 

this inv^ition may be advantageously enq>loyed for casting conjponents, such as a 

turbine blade, turbine vane, or integral turbine nozzle ring, having a crystalline equiaxed 

grain structure. 

In summary, both CM 681 and CM 681 A exhibit significant advantages over the 
baseline Mar-M 247 material. CM 681 was selected for the manufacturing scales 
because of its potential for greatly increased crack growdi resistance. 

The above descr^tion is considered that of the preferred embodim^its only. 
ModijBcations of the invention will occur to those skilled in die art and to those who 
make or use the invention. Therefore, it is understood that die embodiments shown in 
the drawings and described above are merely for illustrative purposes and not intended 
to limit the scope of the invention, which is defined by the following claims as 
interpreted according to the principles of patent law, including the doctrine of 
equivalents. 
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1. A nickel-base si:5)eralloy comprising in percentages by weight, 5-6 Cr, 9-9.5 Co, 
0.3-0.7 Mo, 8-9 W. 5.9-6.3 Ta, 0.05-0.25 Ti, 5.5-6.0 Al. 2.8-3.1 Re, 1.1-1.8 Hf, 0.10- 
0.12 C, 0.01(M).024 B, 0.011-0.02 Zr the balance being nickel and incidental 
inq>urities. 

2. The nidcel-base superalloy of claim 1, wherem the percentage by weight of 
titanium is 0.10-0.20. 

3. The nickel-base superalloy of claim 1 , wherein the percentage by weight of 
chromium is 5.0-5.8. 

4. The nickel-base superalloy of claim 1, wherein the percentage by weight of 
molybdenum is 0.4-0.6. 

5. The nickel-base superalloy of claim 1 , wherein the percentage by weigiit of 
tungsten is 8.1-8.7. 

I 6. The nickel-base superalloy of claim 1 , wherein the percentage by wei^ of 

hafoiumis 1.2-1.7. 

7. The nickel-base siq)eralloy of claim 1, wherein the percentages by weight are 
about 5.5 Cr, 9.3 Co, 0.50 Mo, 8.4 W, 6.1 Ta, 0.15 Ti, 5.7 Al, 2.9 Re, 1.5 Hf, 0.11 

) C, 0.018 B, 0.013 Zr, fb& balance being nickel and mcidental inopnities. 

8. A castii^ prepared from a nickel-base superalloy comprising, in percentages by 
weight, 5-6 Cr, 9-9.5 Co, 0.3-0.7 Mo, 8-9 W, 5.9-6.3 Ta, 0.05-0.25 Ti, 5.5-6.0 Al, 
2.8-3.1 Re, 1.1-1.8 Hf, 0.10-0.12 C, 0.010-0.024 B, 0.011-0.02 Zr the balance being 

] nickel and incidental impurities . 

9. The casting of claim 8, wherein the percentage by weight of titanium is 0,10- 
0.20. 
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10. The casting of claim 8, wherein the percentage by weight of chromium is 5.0- 
5.8. 

1 1 . The casting of clann 8, wherein the percentage by weight of molybdenum is 0.4- 
0.6. 

12. The casting of claim 8, wherein the percoitage by weight of tungsten is 8.1-8.7. 

13. Tlie casting of claim 8, wherein the percentage by weight of hafnium is 1.2-1.7. 

14. The casting of claim 8, whercm a portion of fhe casting has an equiaxed fine 
grain structure, and another portion of the casting has a directionally solidified columnar 
grain structure. 

15. The casting of claim 8, wherein the percentages by weight of the nickel-base 
superalloy are about 5.5 Cr, 9.3 Co, 0.50 Mo, 8.4 W, 6.1 Ta, 0.15 Ti, 5.7 Al, 2.9 Re, 
1.5 Hf, 0.11 C, 0.018 B, 0.013 Zr, uje balance being nickel and incidental in^rorities. 

16. The casting of clahn 14, wherein fhe percentages by weight of the nickel-base 
superalloy are about 5.5 Cr, 9.3 Co, 0.50 Mo, 8.4 W, 6.1 Ta, 0.15 Ti. 5.7 Al, 2.9 Re. 
1.5 Hf, 0.11 C, 0.018 B, 0.013 Zr, the balance being nickel and uacidental mq)urities. 

17. The casting of claim 8, wherein the casting is a turbine wheel having integrally 
cast blades, with the blades having a ditectionally solidified columnar grain structure, 
and the hub or disc portion having an equiaxed fine grain structure. 

18. The casting of claim 8, that is conventionally cast with a polycrystalUne equiaxed 
grain structure. 

19. The casting of claim 18, wherem fhe percentages by weight of the nickel-base 
superalloy are about 5.5 Cr, 9.3 Co. 0.50 Mo, 8.4 W, 6.1 Ta, 0.15 Ti, 5.7 Al. 2.9 Re. 
1.5 Hf, 0.11 C, 0.018 B, 0.013 Zr. the balaiK:e being nickel and incidental unpurities. 
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20. The casting of claim 18, wherein the casting is a turbine blade or a turbine vane, 
or an integral turbine nozzle ring. 
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